The authors present in this paper how the extended Mie theory can be used to translate not only end-point data but also temporal variations of extinction peak-position changes, ⌬ peak ͑t͒, into absolute mass uptake, ⌫͑t͒, upon biomacromolecule binding to localized surface plasmon resonance ͑SPR͒ active nanoparticles ͑NPs͒. The theoretical analysis is applied on a novel sensor template composed of a three-layer surface architecture based on ͑i͒ a self-assembled monolayer of HS͑CH 2 ͒ 15 COOH, ͑ii͒ a 1:1 mixture of biotinylated and pure poly͑L-lysine͒-graft-poly͑ethylene glycol͒ ͑PLL-g-PEG͒, and ͑iii͒ NeutrAvidin. Assisted by independent estimations of the thickness of the three-layer architecture using quartz crystal microbalance with dissipation ͑QCM-D͒ monitoring, excellent agreement with parallel mass-uptake estimations using planar SPR is obtained. Furthermore, unspecific binding of serum to PLL-g-PEG was shown to be below the detection limit, making the surface architecture ideally suited for label-free detection of immunoreactions. To ensure that the immunocomplex formation occurred within the limited sensing depth ͑ϳ10 nm͒ of the NPs, a compact model system composed of a biotinylated human recombinant single-chain antibody fragment ͑ ϳ 2 nm͒ directed against cholera toxin was selected. By tracking changes in the centroid ͑center of mass͒ of the extinction peak, rather than the actual peak position, signal-to-noise levels and long-term stability upon cholera toxin detection are demonstrated to be competitive with results obtained using conventional SPR and state-of-the-art QCM-D data.
I. INTRODUCTION
In the life sciences there is currently an eager search for methods that enable simple but efficient and sensitive affinity-based detection schemes for the analysis of biomolecular interactions.
1 Preferred designs should not require labeling of the target analyte with, e.g., fluorescent dyes or radioactive markers, as such labels may interfere with the biorecognition reactions under investigation. In addition, the labeling process introduces an additional time-consuming step in the analysis, and it is generally difficult to homogeneously label multiple targets in an unknown, complex biological sample. Bearing in mind present efforts to realize integrated laboratory-on-a-chip and array-based systems, the localized surface plasmon resonance ͑LSPR͒ phenomenon, which is achieved when light couples to collective oscillations in the surface electron plasma of noble metal nanoscale features, appears as especially attractive. 2, 3 The reasons for this are manifold. First, in analogy with conventional SPR, a change in interfacial refractive index ͑RI͒ upon biomolecule binding induces a change in the position of the absorption band ͑color͒ of LSPR-active sensor substrates, thus providing an easily detectable optical signal using conventional transmission-absorption spectroscopy, as first demonstrated by Englebienne in studies of antibody-antigen interactions.
both the sensitivity and sensing depth can be varied by varying the type of metal, 7, 8 size, 9,10 shape, 10, 11 and/or arrangement 12, 13 of the nanostructures, thus enabling precise fine-tuning of the sensor template to the dimensions of the actual biological system under investigation. This makes the LSPR concept in several respects more attractive than conventional planar SPR, in which the laterally propagating nature of the surface plasmon polaritons puts strong demands on the optical alignment required for proper excitation and readout 14 and limits the lateral resolution to approximately 5 m ͑Ref. 15͒ or even more in the near-IR regime, in which the sensitivity is highest. 16 Furthermore, in comparison with typical LSPR substrates, the penetration depth of the evanescent field associated with planar SPR is approximately one order of magnitude larger.
14 Hence, changes in bulk properties often interfere with and complicate the analysis of interfacial binding reactions. An advantage of planar SPR over LSPR is, however, the existence of sufficient theoretical descriptions and even analytical expressions that are capable of translating the measured response into absolute mass uptake. 17, 18 In contrast, efforts on translating the observed peak-position or extinction-magnitude changes of LSPRactive NPs into absolute mass uptake is limited, and there are only a few reports on semiquantitative estimations 19, 20 and quantification of bound amount in terms of layer thickness at saturated binding. 21, 22 Although binding constants can still be determined by recording the rates of binding/unbinding alone, or in simple cases, by monitoring the saturated response versus concentration, [22] [23] [24] a measure of the absolute mass uptake is a prerequisite in many other situations. For instance, estimations of reaction kinetics in terms of mass transport require a precise determination of variations in the bound mass, 25 as does an accurate determination of the stoichiometric relation between different types of interacting entities.
To represent the extinction peak of LSPR NPs and changes in the same induced by changes in the interfacial RI upon biomacromolecule binding, the extended Mie theory was previously proven sufficient for spherical NPs, in which case interfacial binding was represented by films with homogeneous thicknesses d film and refractive indices n film . 26, 27 It was also shown by Van Duyne and co-workers that more advanced theoretical models could represent the color changes of, for example, triangular shaped Ag particles. 28, 29 By knowing both d film and n film , which may be obtained from such modeling, it is possible to estimate the mass uptake ⌫ using the formalism introduced by De Feijter et al.:
where n m is the refractive index of the medium and ‫ץ‬n / ‫ץ‬C the bulk-refractive index increment for the analyzed molecules. ͑The subscript i refers to subsequently formed layers as described below.͒ However, to theoretically represent peak-position changes of LSPR-active substrates upon thinfilm formation, either d film or ⌬n film must be known ͑or assumed͒, followed by a fitting procedure, giving the value of n film ͑or ⌬d film ͒ that best represents the experimentally observed change in peak position, ⌬ peak . 22, 27, 31 This holds true also for conventional SPR, but for sufficiently thin films ͑de-fined as approximately one-tenth of the penetration depth͒, 17, 18 it was shown that irrespective of the value chosen for d film ͑or ⌬n film ͒, the product between ⌬d film and ⌬n film remains constant. 17 In the framework of Eq. ͑1͒, this means that the coupled mass ͑ϰd film ⌬n film ͒ remains constant and can be trusted with high accuracy-even if neither the film thickness nor the film refractive index is known in advance. In contrast, since the evanescent field associated with LSPR sensors is on the order of one magnitude more shallow than that associated with planar SPR, 9, 26, 32, 33 this rule is less likely to be applicable for LSPR sensors.
With the aim of arriving at a generic semianalytical expression for the translation of temporal variations in the peak position, ⌬ peak ͑t͒, into absolute mass uptake, ⌫͑t͒, of LSPRactive NP sensors, we present a thorough analysis of the sensitivity of Eq. ͑1͒ to the initial choice of d film ͑or ⌬n film ͒ using a refined variant of the extended Mie theory 26 ͑as described in the Supplementary Information, 57 the theory takes into account not only the underlying substrate but also particle-particle coupling͒.
The sensing template utilized engages a self-assembled monolayer ͑SAM͒ of COOH-terminated thiols, which is shown to enable efficient binding of biotin-modified poly͑L-lysine͒-graft-poly͑ethylene glycol͒ ͑PLL-g-PEG͒ ͑PLL-gPEGbiotin͒ and which was previously shown to be superior over, for example, traditional PEG-modified thiols with respect to suppressed unspecific protein adsorption from complex suspensions such as serum. 34, 35 PLL-g-PEGbiotin provides also an attractive template for subsequent coupling of NeutrAvidin ͑or its analog streptavidin or avidin͒ and subsequent coupling of biotinylated compounds. 36 Simultaneously, this three-layer architecture ͑SH-COOH, PLL-g-PEGbiotin, NeutrAvidin͒ provides a good model system to evaluate the mass uptake obtained using the Mie-based theoretical modeling. This is because the utilized COOH-terminated SAM was previously characterized in great detail, revealing a film thickness of ϳ2.2 nm with a packing density of 21.4 Å 2 per molecule on planar ͑111͒ Au surfaces. 37 In addition, the mass uptake of PLL-g-PEG on negatively charged planar surfaces, including COOH-modified Au, was previously characterized using both conventional SPR and optical waveguide laser spectroscopy, as was the subsequent binding of streptavidin ͑and its analog NeutrAvidin͒. 38 It is also shown in this work that changes in the peak position, ⌬ peak , of LSPR-active gold NPs can, in analogy with conventional SPR ͑Ref. 39͒ and LSPR-active nanoscale holes in planar gold films, 40 be recorded by tracking the centroid ͑center of mass͒ of the extinction peak with a resolution of better than ϳ10 −3 nm at a temporal resolution of Ͻ2 s. When combined with the generic algorithm developed to translate ⌬ peak ͑ϰ⌬ centroid ͒ into mass uptake ⌫, it is shown how variations in mass uptake can be followed in real time for all steps in the three-layer architecture. This analysis thus provides an improved basis for a comparison between LSPR sensors and alternative sensor designs in terms of absolute sensitivity and absolute mass uptake as illustrated using conventional planar SPR, which is physically similar in nature to LSPR, and quartz crystal microbalance with dissipation ͑QCM-D͒ measurements. Furthermore, besides information about coupled mass, an independent means of determining the film thickness is obtained from the QCM-D data. 41 In order to arrive at the correct mass uptake for films with a thickness of ϳ5 nm and above, this type of independent estimate of the film thickness is shown to be important. Finally, since the total film thickness after NeutrAvidin binding to PLL-g-PEG is as high as ϳ15 nm, subsequent coupling of biotinylated compounds will occur in a region where the sensitivity is significantly reduced. To use this LSPR sensor design to record, for example, immunoreactions, there is thus a need for alternatives to the typically utilized, and in this context, bulky IgG antibodies. This was achieved by the use of biotinylated single-chain antibody fragment ͑with a diameter as small as ϳ2 nm͒. 42 In this way, efficient detection of cholera toxin using the LSPR platform is demonstrated and proven competitive in signal-to-noise level and long-term stability with both conventional SPR and QCM-D.
II. EXPERIMENT

A. Materials
Gold chloride hydrate ͑HAuCl 4 ·3H 2 O͒ and sodium citrate tribasic dehydrate were purchased from Sigma-Aldrich. 3-aminopropyltriethoxysilane ͑APTES, 99%͒ was purchased from Sigma-Aldrich. 16-mercaptohexadecanoic acid ͑SAM-COOH͒ was obtained from Prof. Allara, Pennsylvania State University. PLL-g-PEG ͓molecular weight ͑MW͒ ϳ68 kDa͔, PLL-g-PEGbiotin ͑MW ϳ87 kDa͒, and NeutrAvidin ͑MW ϳ60 kDa͒ were purchased from Surface Solutions ͑Switzer-land͒, human recombinant single-chain Fv ͑scFv͒ antibody ͑clone CT17, MW ϳ28 kDa͒ specific for cholera toxin subunit B ͑CT, MW ϳ11.6 kDa, Sigma-Aldrich͒ was selected from the n-CoDeR library, 43 and kindly provided by Bioinvent Int., Lund, Sweden. CT17 was produced in E. coli and purified by affinity chromatography on a Ni 2+ -NTA gel ͑Qiagen, Hilden, Germany͒, dialyzed against PBS and stored at 4°C until use. Purified CT-17 was biotinylated at a molar ratio of 1:5 ͑scFv:biotin͒ using EZ-Link Sulfo-NHS-LCbiotin ͑Pierce, Rockford, IL͒ as described by the manufacturer. Biotinylated scFv ͑biotin-CT17͒ was extensively dialyzed against PBS and stored at 4°C until use. The specificity and functionality of the scFv have been thoroughly examined during both the selection procedure and in conventional antibody microarrays.
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B. Methods
The gold NPs and the NP-modified substrates were analyzed with transmission electron microscopy ͑TEM, Philips CM20 Ultra-Twin lens high-resolution microscope͒ and atomic force microscopy ͑AFM, Vecco Dimension 3100͒. The three-layer surface architecture ͑see below͒ was characterized with QCM-D monitoring ͑D300, Q-Sense AB, Sweden͒, described in detail elsewhere, 45, 46 and surface plasmon resonance ͑Biacore 2000, Biacore Int., Sweden͒ in batch and flow ͑5 l / min͒ modes, respectively. The planar substrates were gold-coated polished 5 MHz AT-cut crystals ͑Q-Sense AB͒ and gold-coated SPR chips ͑Biacore Int.͒. Transmission mode extinction spectra of the LSPR-active substrates were collected using a homebuilt design described in detail elsewhere, 47 including a 20 W tungsten-halogen white light source ͑Ocean Optics͒, a photo diode array detector ͑B&WTek, USA͒, and a software designed to record changes in both absolute peak position, ⌬ peak , and the centroid of the peak, ⌬ centroid . 47 A homebuilt flow cell with a measurement volume of ϳ500 l was used for the LSPR measurements, which were recorded under stagnant conditions after a rapid ͑Ͻ1 s͒ exchange of the total liquid volume.
C. Surface preparations
Suspensions of colloidal gold were prepared using sodium citrate reduction of HAuCl 4 ·3H 2 O, as described elsewhere. 9 In brief, 400 l HAuCl 4 ·3H 2 O solution and 400 l sodium citrate solution were simultaneously added to 75 ml vigorously boiling water. The liquid was stirred and the flask was connected to a reflux condensation system. During the reduction reaction, the color of the suspension changed from pale yellow via intense purple to ruby-red, after which it was cooled to room temperature under continuous stirring. The particle diameter was controlled by the ratio between HAuCl 4 ·3H 2 O and sodium citrate to yield gold NPs with a diameter of ϳ40 nm. 9 This was consistent with the TEM analysis ͓inset in Fig. 1͑a͔͒ , revealing slightly elliptically shaped NPs ͑major axis: 42.1± 5.5 nm; minor axis: 33.9± 3.7 nm͒. Glass substrates ͑Deckgläser, Germany, 25 mm diameter͒ were cleaned in piranha solution ͑3:1 mixture of concentrated H 2 SO 4 and 25% H 2 O 2 ͒ ͑note that care should be taken since piranha solution is very energetic and potentially explosive͒ for 30 min, followed by thorough rinsing in MilliQ water and drying with N 2 . The substrates were then immersed in a 5:1:1 mixture of MilliQ water, 25% hydrogen peroxide, and 30% ammonia for 15 min at 80°C, followed by thorough rinsing with MilliQ water and drying with N 2 . The cleaned substrates were immediately enclosed in a low vacuum chamber at 60°C, followed by addition of 200 l APTES silane to a small holder next to the glass substrates for 10 min. The temperature was then increased to 150°C for 1 h, enabling efficient gas-phase deposition and cross-linking of APTES. The substrates were finally rinsed in xylene and sonicated for 2 min. After drying in N 2 , the substrates were incubated in the gold NP suspension for 24 h at 25°C. Figure 1͑a͒ shows an AFM image of Au NPs deposited on glass. An evaluation of the height histogram yielded a typical distribution in diameter of 35.1± 5.5 nm, which is consistent with the TEM image. A fit of extinction spectrum to the extended Mie theory yields an average diameter of 36 nm ͑see legend to Fig. 1͒ , which is in good agreement with the AFM and TEM analyses.
D. Measurement protocols
To avoid possible influence of binding of biotin moieties to the gold substrate and to provide a negatively charged surface, the gold substrates were modified with a spacer layer of HS͑CH 2 ͒ 15 COOH ͑SH-COOH͒ prior to addition of PLLg-PEGbiotin-PLL-g-PEG mixtures. For the planar gold substrates ͑SPR gold chips, obtained as gifts from Biacore Int., Sweden, and gold-coated QCM crystals from ͑Q-Sense AB, Sweden͒, this was done by incubation in a 1 mM SAM-COOH suspension ͑99.5% ethanol as solvent, Kmetyl, Sweden͒ for 24 h. After sonication and thorough rinsing in water, the chips were mounded in the SPR and QCM-D measurement chambers, respectively, followed by addition of a mixture of a 1:1 molar mixture of PLL-g-PEG and PLL-gPEGbiotin at a total concentration of 100 g / ml in HEPES1 buffer ͓4-͑2-hydroxyethyl͒piperazine-1-ethane-sulfonic acid, 10 mM HEPES, pH 7.4͔. After saturated binding of PLL-gPEGbiotin-PLL-g-PEG, NeutrAvidin ͑50 g/ml͒ in HEPES2 buffer ͑10 mM HEPES, 150 mM NaCl, pH 7.4͒ was added followed by addition of biotin-CT17 ͑1.5 g/ml in HEPES2 buffer͒ and cholera toxin ͑10 g / ml in HEPES2 buffer͒. The same conditions were used for the gold NPmodified substrates, with the exception that the binding of SH-COOH was recorded in real time ͑see below͒. The 1:1 ratio of PLL-g-PEG and PLL-g-PEGbiotin was proven to provide an optimal binding capacity for subsequent binding of NeutrAvidin and biotinylated compounds ͑not shown͒, and the introduction of the SAM of SH-COOH as an adhesion layer for the PLL-g-PEG mixture was shown to reduce nonspecific binding from serum to Ͻ2% of that obtained on bare gold and Ͻ20% of that obtained on PLL-g-PEGmodified nonthiolated gold substrates ͑not shown͒.
III. RESULTS AND DISCUSSION
A. Estimation of the absolute mass uptake
The refined variant of the extended Mie theory ͑Supple-mentary Information 57 ͒ was used to characterize the spectral variations of immobilized NPs upon formation of a SAM of HS-COOH in ethanol ͓Fig. 2͑a͔͒, followed by subsequent additions of PLL-g-PEG-PLL-g-PEG-biotin ͑1:1͒ and NeutrAvidin ͓Fig. 2͑b͔͒.
The theoretical representation of the spectral change in Fig. 2͑a͒ was obtained by first assuming a thickness of 2.2 nm of the SAM film, 37, 48 which was also confirmed by in house ellipsometric measurements on planar gold revealing a thickness of 22.2± 0.7 Å on planar gold surface. This was followed by a fitting procedure in which the film refractive index was varied until a spectrum that matched the experimentally observed peak-position change was obtained. A perfect match to the peak position could be obtained by scarifying a match to the extinction magnitude, and vice versa. However, in terms of estimating the mass uptake based on this fit, the slight deviation observed in Fig. 2͑b͒ has insignificant influence ͑see further below͒. The parameters ͑d film and n film ͒ representing the SAM were then kept constant ͑see figure legend͒ when the core-shell model was used to represent the spectral changes observed on subsequently formed films ͓Fig. 2͑b͔͒. It turned out from this fitting procedure that independent of the choice of film thickness, it was possible to find a film refractive index value capable of representing both the observed peak-position change and extinction increase equally well. Hence, the theoretical representation cannot be used to independently determine both the film thickness and the film refractive index. This is in direct analogy with previous SPR data. 17 However, in the case of conventional SPR, it was observed that the product between d film and ⌬n film ͑=n film − n m ͒ was essentially constant irrespective of initial choice of d film ͑or ⌬n film ͒. If this holds true also in the case of peak-position changes of LSPR-active NPs, any of the pairs of d and n capable of representing the peakposition change would be possible to use for a sufficiently good estimation of the mass uptake using Eq. ͑1͒. To test this hypothesis, the pairs of d i,film and n i,film that generated perfect representations of the peak-position changes were used to produce graphs in which 1 / ⌬n i,film is plotted versus d i,film within the following physically realistic thickness regimes: 1.5-3.5 nm for SH-COOH, 3 -13 nm for PLL-g-PEG-PLLg-PEGbiotin, and 3 -7 nm for NeutrAvidin ͓Fig. 3͑a͔͒. Note   FIG. 1 . Characterization of the Au NPs. ͑a͒ AFM image of a gold nanoparticle-coated glass, ϳ0.4 m, the inset figure displaying a TEM image, ϳ40 nm. ͑b͒ Extinction spectrum of Au NPs deposited on glass ͑solid line͒ and theoretical simulation ͑dash line͒. The radius of the NPs is defined as a Gaussian distribution with a center radius of 18 nm and a standard deviation of 5.5 nm. The theoretical extinction spectrum also includes the effects of the substrate ͑n = 1.6͒ and an interparticle coupling using a centerto-center distance of 125 nm and a particle density of 61/ m 2 .
that in Eq. ͑1͒, 1/⌬n i,film scales linearly with d i,film with a proportionality constant equal to ⌫ i / ͑‫ץ‬n / ‫ץ‬C͒ i . It is seen in Fig. 3͑a͒ that in the low-thickness regime of layer 1, the increment in 1 / ⌬n scales linearly with the increment in d, while there is a clear deviation from linearity as the film thickness increases ͑see layers 2 and 3͒. This feature is attributed to the orders of magnitude more shallow penetration depth of the evanescent field of the plasmon polaritons associated with noble metal NPs, as previously observed experimentally 9,32,33,49 and described theoretically, 26 than that associated with laterally propagating SPR. As a consequence, in order to accurately determine the coupled mass using Eq. ͑1͒, it is of utmost importance that the thicknesses of the films are known or can be independently determined. This is illustrated in Fig. 3͑b͒, displaying Fig. 3͑a͒ . Interestingly, in the case of SH-COOH, forming a densely packed film with a thickness of ϳ2.2 nm on planar Au, 37, 48 the uncertainty in mass uptake is less than 4% in the chosen thickness regime ͑1.5-3 nm͒. Furthermore, using the film thickness of 2.2 nm, the absolute mass uptake becomes ϳ222 ng/ cm 2 , which is in perfect agreement with the expected value of ϳ224 ng/ cm 2 for this type of SAM on a planar ͑111͒ gold surface ͓with an area coverage per SH-COOH molecule on gold ͑111͒ of 21.4 Å 2 / chain ͑Ref. 33͒ and a molecular weight of 288.5 g / mol, the coupled mass of a SAM is ϳ224 ng/ cm 2 ͔. This extraordinary good agreement might be a lucky coincidence, since in reality, ͑i͒ the NPs are not perfectly spherical ͑see Fig. 1͒ but contain facets and grain boundaries likely to influence the local field strength and ͑ii͒ the amine-mediated immobilization of NPs to the substrate is, due to geometrical constrains, expected to reduce the available surface area by up to 10%. Since these two effects are expected to counteract each other in terms of induced peak-position change upon binding of organic material, the good agreement obtained makes it fair to state that the estimation in mass uptake is accurate to at least within ϳ10%.
For subsequent binding of PLL-g-PEG-PLL-gPEGbiotin, the situation becomes more complicated. Although it is well established that the polylysine backbone of PLL-g-PEG mediates a firm binding to negatively charged surfaces such as oxides of transition metals, 34, 35 the flexible nature of the PEG chains makes it hard to predict the film thickness. As a consequence, an uncertainty in the mass uptake of 60% is observed, ranging from 130 to 210 ng/ cm 2 for a contracted ͑d 2 =3 nm͒ to an extended ͑d 2 =13 nm͒ state of the PEG chains, respectively ͓Fig. 3͑b͔͒. In an attempt to independently estimate the film thickness, and thus reduce the uncertainty in the mass-uptake estimation, the binding of a 1:1 mixture of PLL-g-PEG and PLL-g-PEG-biotin on SH-COOH-modified planar gold was analyzed using QCM-D monitoring, 45, 50 as summarized in Table I . ͑Also shown in Table I are results obtained using conventional SPR analysis of planar gold and the analysis of the LSPR data, as described in detail below.͒ Using a Voigt-based analysis of the QCM-D data, 41 an effective acoustic thickness of ϳ7.0 nm was obtained for the PLL-g-PEG-PLL-g-PEGbiotin layer. Using this thickness as an input in the analysis of the LSPR data, a mass uptake ͓see Fig. 3͑b͔͒ of ϳ164 ng/ cm 2 is obtained at saturated binding of this copolymer layer on SH-COOH-modified NPs. Interestingly, this value is also in excellent agreement with previous reported data 38 on Nb 2 O 5 and SH-COOH-modified gold, for which values of 168 and 160 ng/ cm 2 were obtained, as well as with in house SPR data on planar gold, for which a mass uptake of ϳ166 ng/ cm 2 was obtained ͑Table I͒. These values all fall within the 10% uncertainty identified above, thus strengthening the validity of the theoretical approach employed to quantify peak-position changes in terms of mass uptake. Furthermore, the results clearly demonstrate the importance of being able to determine the film thickness, as FIG. 2. UV-vis extinction spectra of Au NPs on glass upon formation of the three-layer surface architecture and theoretical representations of the data. ͑a͒ Experimental ͑open symbols͒ and theoretical ͑solid lines͒ extinction spectra for immobilized NPs immersed in ethanol before ͑red͒ and after ͑blue͒ saturated binding of SH-COOH. ͑b͒ Same type of data as in ͑a͒ but the SH-COOH-modified NPs immersed instead of in buffer before ͑blue͒ and after subsequent additions of ͑1:1͒ PLL-g-PEG-PLL-g-PEGbiotin ͑1.3 M; green͒ and NeutrAvidin ͑0.8 M; red͒. The fits were obtained using values of d and n of 2.2 nm and 1.49, 7 nm and 1.37, and 4.5 nm and 1.375 for layers 1, 2, and 3, respectively. The insets in ͑a͒ and ͑b͒ display the time evolution of changes in the peak position obtained via a centroid tracking algorithm ͑see main text͒, demonstrating that the ⌬ centroid ͑ϰ⌬ peak ͒ can, at a temporal resolution of better than 2 s, be recorded with a noise of less than ϳ10 −3 nm.
here done via QCM-D, in order to arrive at acceptable mass uptake estimations for LSPR-active NPs. ͑The much higher mass uptake obtained from QCM-D data measurements is due to water hydrodynamically 51 coupled to absorbed films, as discussed further below.͒ Finally, by keeping the thicknesses ͑and refractive index͒ of layers 1 and 2 constant at 2.2 nm ͑1.49͒ and 7 nm ͑1.37͒, respectively, a mass uptake is obtained for NeutrAvidin that ranges from ϳ100 to ϳ 120 ng/ cm 2 for the lowest ͑3 nm͒ and highest ͑7 nm͒ possible thicknesses, respectively ͓Fig. 3͑b͔͒. This, in turn, results in an uncertainty in the mass uptake of 20%. According to the QCM-D data, binding of NeutrAvidin results in an increase in effective thickness of 5.2 nm, thus proposing that the mass uptake is in this case ϳ108 ng/ cm 2 ͓Fig. 3͑b͔͒. This number is slightly lower than previous results ͑ϳ120 ng/ cm 2 ͒ obtained for NeutrAvidin binding on planar substrates modified with 1:1 mixtures of PLL-g-PEG and PLL-g-PEG-biotin. 38 It is, however, significantly lower than the mass uptake of 158 ng/ cm 2 observed by us using SPR ͑Table I͒. One plausible explanation for this discrepancy is that NeutrAvidin does not form a homogeneous film on top of PLL-g-PEG-PLL-g-PEGbiotin, thus violating the core-shell model used in the theoretical representation. To test this hypothesis, PLL-g-PEG-PLL-gPEGbiotin and NeutrAvidin were treated as one single layer, which increased in thickness from 7 to 12.2 nm ͑i.e., 7 + 5.2 nm͒ upon NeutrAvidin binding. Using a total peakposition change of 1.82 nm ͑1.32+ 0.5 nm͒ and an effective FIG. 3 . Illustration of the relation between film refractive index, thickness, and mass obtained using the modeling shown in Fig. 2 . ͑a͒ Film thickness d vs the inverse of the change in refractive index ͓1/⌬n =1/͑n film − n m ͔͒ for combinations of d and ⌬n which, using the core-shell model described in the main text, produce the observed peak-position changes, , for additions of ͑i͒ SH-COOH ͓Fig. 2͑a͔͒, ͑ii͒ PLL-g-PEGbiotin ͓Fig. 2͑b͔͒ and ͑iii͒ NeutrAvidin ͓Fig. 2͑b͔͒. ͑b͒ Mass uptake estimated for the three layers using formalism De Feijter et al. ͓Eq. ͑1͔͒ and the data shown in ͑a͒. The crosses represent the film thickness used to estimate the mass ͑see main text͒. The SPR mass was estimated using the well-established relation between changes in resonance units ͑⌬RU͒ and mass uptake ͑1 RU=0.1 ng/cm 2 ͒ divided by 1.5 to take into account the fact that binding occurs on a planar surface, rather than an extended dextran hydrogel ͑Ref. 14͒. ‫ץ‬n / ‫ץ‬C value of 0.1715 ͑corresponding to the mean of the ‫ץ‬n / ‫ץ‬C values of PLL-g-PEG-PLL-g-PEGbiotin and NeutrAvidin͒, the increase in mass due to NeutrAvidin binding remains, however, at a value of ϳ108 ng/ cm 2 ͑not shown͒. Hence, regardless of whether the core-shell model is used or not, the mass uptake is lower than that observed on a planar surface. Hence, the lower mass uptake of NeutrAvidin on NPs is most likely a real effect, tentatively attributed to either the structure adopted by PLL-g-PEG-PLL-g-PEGbiotin on a surface with high curvature or to the difference in masstransport conditions in the SPR and LSPR measurements. In the former case, a consequence of a surface with high ͑con-vex͒ curvature is that the PEG chains are expected to experience lower steric constrains than on a planar substrate, allowing the biotin moieties to become more available for interactions with any of the four biotin-specific sites on NeutrAvidin. This means, in turn, that early arriving NeutrAvidin molecules will have an increased tendency to be engaged in binding to multiple biotin moieties, 36 thus rapidly reducing the overall NeutrAvidin-binding capacity of the substrate. A similar result is also expected if the rate of arrival to the surface is low. Note, in particular, that in the case of NPs, the measurements were made from a stagnant solution, rendering mass-transport limited adsorption, while the SPR measurements were made in flow mode, utilizing microfluidics that have been previously shown to provide rapid and efficient transport properties. 17 The discrepancy in binding capacity between planar and nanoscale gold is thus considered real and not due to limitations of the theory used to represent the system.
B. Relation between peak-position change and mass uptake
In the analysis above, the mass uptake was estimated using pairs of d i and ⌬n i obtained via extensive numerical fitting procedures. Preferably, an analytical, or at least semianalytical, expression capable of providing a direct relation between peak-position changes, ⌬, and coupled mass is desired. To meet this demand, we introduce in this section a generic expression capable of translating changes in peak position into mass uptake. Note first that if the relation obtained between 1 / ⌬n film and d film ͓see Fig. 3͑a͔͒ is extended to include also the experimentally observed peak-position changes, ⌬, Eq. ͑1͒ can be rewritten as
where S i ͑d i ͒ = ⌬ i / ⌬n i is defined as the sensitivity function as shown in Fig. 4͑a͒ . Furthermore, S i ͑d i ͒ ͑for i = 1, 2, and 3͒ illustrated in Fig.  4͑a͒ were obtained through a numerical fitting procedure based on the experimentally observed peak-position changes of 2.67, 1.32, and 0.5 nm for layers 1, 2, and 3, respectively. Hence, it is not fully clear whether Eq. ͑2͒ is applicable to arbitrary adsorption events. For example, what happens when the accompanied peak-position changes differ substantially from the ones used to generate Fig. 4͑a͒ ? To evaluate the general applicability of the obtained sensitivity curves, identical fitting procedures as those used to generate the data in Fig. 4͑a͒ were made for arbitrary peak-position shifts, ranging from 0.25 to 4 nm for all three layers ͓Fig. 4͑b͔͒. Strikingly, the sensitivity functions are, to a very good accuracy, independent of the experimentally observed peakposition shifts. This means, in turn, that Eq. ͑2͒ can be used to estimate the mass uptake irrespective of the magnitude of experimentally observed peak-position changes, with the important implication that Eq. ͑2͒ can be generically used to estimate temporal variations in coverage, i.e., ⌫͑ i ͑t͒͒.
Still, for others to fully appreciate and make efficient use of these findings, it is important also to derive a mathematical description of S i ͑d i ͒. A single-layered sphere was therefore interpreted in the Rayleigh limit ͑r 0 Ӷ͒, in which case FIG. 4 . Illustration of the generic applicability of the presented formalism for translation of peak-position changes into absolute mass uptake. ͑a͒ Same data as in Fig. 3͑a͒ but represented by plotting film thickness versus ⌬ / ⌬n. ͑b͒ Similar plot as ͑a͒ except that the arbitrary wavelength shifts for the first layer ͑⌬ 1 , 2 , 3 , 4 nm with corresponding varied layer thickness from 2.2 to 24 nm͒, for the second layer ͑⌬ 2 = 0.5, 1 , 1.5, 2 nm͒, and for the third layer ͑⌬ 3 = 0.25, 0.5, 0.75, 1 nm͒ were used to confirm that changes of ⌬ / ⌬n were independent of changes in ⌬ as well as ⌬n alone. The arrows indicate that the sensitivity functions ͓S i ͑d i ͔͒ for layers 2 and 3 could be obtained by linear translations of S 1 ͑d 1 ͒ along the ⌬ / ⌬n and d axes using Eq. ͑7͒. To support a comparison with literature data and subsequent additions of biotinylated compounds ͑see main text͒, the sensitivity function for the first layer in ͑b͒ was obtained using water as the surrounding medium.
the dipole resonance condition can be approximated as Re͑ Au ͒ +2n eff 2 = 0, where Re͑ Au ͒Ϸa − b within the wavelength range of interest. Accordingly, the peak-position shift, ⌬, induced by a thin adsorbed film can, to a first approximation, be expressed as
Furthermore, in the Rayleigh limit, the local optical intensity decays approximately as I loc ϳ͑r 0 / r͒ 6 , where r is the distance from the center of the metal particle. A change in interfacial refractive index n film induced by a single film with a thickness d film can then be approximated as a change in the effective refractive index of the surrounding medium, n eff , using a weighted average of the film and the medium: 
Inserting Eq. ͑4͒ in Eq. ͑3͒ then gives
and thus
where c 1 =12n m / br 0 and c i ϰ 1/r 0 i . To achieve representative values of c i , a least square fit between Eq. ͑6͒ and S 1 ͑d͒ in Fig. 4͑b͒ was made, yielding values of c 1 , c 2 , c 3 , c 4 , and c 5 of 10.25, −0.757, 36.2ϫ 10 −3 , −0.95ϫ 10 −3 , and 10.3ϫ 10 −6 , respectively. Interestingly, with b = 0.07 nm −1 ͑the value was adopted by Johnson and Christy 52 ͒, r 0 = 20 nm, and n m = 1.333, c 1 becomes 11.4. This is fairly close to the value of 10.25 obtained from the fit to the curve generated through the more accurate theoretical analysis, thus supporting the physical validity of the simplified mathematical representation. Also note that S͑d͒ cannot be perfectly represented by a single exponential function, as previously used to approximate the field-intensity decay versus distance from the metal-solution interface. 33 A further inspection of the S i ͑d i ͒ curves for the three layers also reveals that S iϾ1 can, to a good approximation, be obtained by linear translations of S 1 ͑d͒ along the ⌬ / ⌬n and d axes, respectively ͓solid lines in Fig. 4͑b͔͒ . This means, in turn, that the sensitivity functions for the outer layers can be obtained directly from S͑d͒:
where S͑d͒ is given by Eq. ͑6͒. Hence, S i ͑d i ͒ does not depend strongly on either experimentally observed peak-position shifts or refractive index values of the layers used in the core-shell model. This thus proves the general applicability of absolute mass-uptake estimations using the proposed formalism, as illustrated in the following section by comparing the temporal variation in mass uptake with that obtained using SPR and QCM-D upon immunocomplex formation utilizing a biotinylated scFv antibody. Note, too, that the sensitivity functions derived in this work are applicable for gold NPs with a mean diameter of 40 nm, but the dependence of the explicit dependence on particle radius ͓Eq. ͑6͔͒ allows the formalism to be extended to arbitrary NP with diameters Ͻ ϳ 50 nm.
C. Quantification of the temporal variations in peakposition changes in terms of mass uptake
The sensitivity function arrived at above was used to analyze the temporal variation in mass uptake. It is first worthwhile to note, though, that this sensitivity function is consistent with previous studies in which, for example, multilayer formation was used to probe the sensing depth of similar LSPR-active substrates. Note, in particular, the almost perfect agreement with the results obtained by Nath and Chilkoti 9 for polyelectrolyte multilayers on NPs with a diameter essentially identical to that used by us. In their study, they also investigated streptavidin binding to a biotinylated SAM similar to the SH-COOH SAM used in our study. Translating the increment in extinction magnitude at ϳ 575 nm observed by them into peak-position changes, the use of Eqs. ͑2͒, ͑6͒, and ͑7͒ gives a mass uptake of streptavidin of 210 ng/ cm 2 . This is indeed in perfect agreement with previous data on streptavidin binding on biotinmodified SAMs on gold, 53 further supporting the validity of the theoretical representations presented in this work. Furthermore, since the sensitivity function was proven to be independent of the magnitude of peak-position changes ͑see above͒, Eqs. ͑2͒, ͑6͒, and ͑7͒ can, to a very good approximation, be used for a direct conversion of ⌬ centroid ͑t͒ into mass uptake, ⌫͑t͒. This is illustrated in Fig. 5 , displaying ⌫͑t͒ upon exposure of SH-COOH-modified NPs to PLL-g-PEG-PLL-g-PEGbiotin and NeutrAvidin, under the assumptions that the layers of SH-COOH, PLL-g-PEG-PLL-gPEGbiotin, and NeutrAvidin have thicknesses of 2.2, 7, and 4.5 nm, respectively ͑see above͒. Also shown in Fig. 5 is the mass uptake versus time obtained using QCM-D and conventional SPR measurements.
Besides illustrating the possibility of using LSPR-active templates to quantify, for example, binding kinetics as well as stoichiometric relations for interacting entities of different types, these data also provide a basis for a comparison between the sensitivities of the different sensor systems used in this study. For the LSPR sensor, the noise level is approximately 2 ng/ cm 2 , which is approximately a factor of 8 higher than that of the commercial SPR system ͑BIAcore 2000͒, but a factor of 2 lower than that of the commercial QCM-D system ͑Q-Sense D300͒ ͑see insets in Fig. 5͒ . However, to estimate signal-to-noise ratios, one must also take into account the obtained signals. While the saturated signals ͑after rinsing͒ are fairly similar for SPR and LSPR, the mass uptake obtained using QCM-D is almost a factor of 4 larger than that obtained using SPR and LSPR. This means, in turn, that the signal-to-noise ratio is a factor of ϳ2 better for QCM-D than for LSPR. Note, however, that in contrast to the SPR data, neither LSPR nor QCM-D suffers from significant steps upon exchange between protein solutions and buffer solutions. This is most clearly seen in Fig. 5 upon rinsing in buffer after saturated binding of NeutrAvidin and is attributed to the fact that ͑i͒ due to the significantly larger penetration depth of the evanescent field of SPR compared with LSPR, SPR is more sensitive to changes in bulkrefractive index induced by dissolved molecules and ͑ii͒ SPR is more sensitive to changes in bulk-refractive index than QCM-D is to corresponding changes in bulk viscosity/ density. Hence, to probe binding kinetics, it is in the cases of LSPR and QCM much less critical to operate with reference channels capable of compensating for changes in the bulk properties due to, for example, dissolved molecules. Furthermore, the LSPR data were obtained with a measurement cell that was not temperature stabilized, while both the SPR and the QCM-D measurements require measurement chambers with a temperature control of better than 1 ϫ 10 −2°C . Hence, the ͑i͒ high precision by which peak-position changes ͑Ͻ5 ϫ 10 −3 nm͒ can be recorded using a low cost ͑Ͻ $ 5000͒ spectrophotometer setup, ͑ii͒ good agreement between the absolute mass uptake between LSPR and SPR, and ͑iii͒ low sensitivity to variations in bulk-refractive index, induced by, for example, dissolved molecules or temperature fluctuations make the LSPR sensing concept highly attractive as an alternative to the more well-established commercially available concepts. Especially with the consideration of the capability of using individual NPs to probe zeptomol quantities of bound molecules, 5, 6 it further points towards the development of extremely miniaturized sensors. Note, however, that substantial efforts must still be made before similar noise levels in terms of adsorbed mass per unit area are reached for individual NPs.
A potential drawback with the LSPR sensors is, however, the rapidly diminishing sensitivity versus distance from the metal-solution interface, putting strong constrains on the molecular dimensions of the probed entities. For instance, although thin ͑ϳ2 nm͒ SAMs of thiolated PEGs have been shown to be relatively inert with respect to unspecific protein adsorption, 54 the thicker ͑ϳ7 nm͒ films of PLL-g-PEG provide superior protein resistant properties. 34, 35 As low unspecific protein adsorption is a key requirement in any sensor application, PLL-g-PEG is a preferable choice. However, if NeutrAvidin is used as a linker for subsequent coupling of biotinylated compounds, the latter will, by necessity, bind in a region where the sensitivity is significantly reduced. Hence, to probe, for example, immunoreactions, this means that the molecules engaged in the biorecognition reaction must be carefully matched to the sensitivity function. For instance, to probe immunoreactions, relatively bulky ͑ϳ10 nm͒ IgG antibodies are generally utilized. Since this would force the immunocomplex to be formed at a distance outside the evanescent field of the NPs, we utilized instead a single-chain antibody fragment, scFv ͑CT17, MW ϳ28 kDa, ϳ 2 nm͒ directed against cholera toxin, CT. Addition of CT17 followed by rinsing and addition of CT is shown in Fig. 6 , together with the mass uptake FIG. 5 . Mass uptake, ⌬m, vs time for LSPR, SPR, and QCM upon addition of ͑i͒ PLL-g-PEG-PLL-g-PEGbiotin ͑1:1͒ and ͑ii͒ NeutrAvidin, a buffer rinsing step was performed before and after injection of sample solutions ͑i͒ and ͑ii͒, respectively. The coupled mass was estimated as in Table I for SPR and QCM, while the LSPR data were estimated using Eqs. ͑2͒, ͑6͒, and ͑7͒, with d i values of 2.2, 7, 5.2 nm for SH-COOH, PLL-g-PEG, and NeutrAvidin, respectively. The insets display the signal-to-noise levels for the respective three techniques. Fig. 5 but for subsequent additions of ͑i͒ scFv and ͑ii͒ cholera toxin to the sensor template. The coupled mass was estimated as in Table I for SPR and QCM, while the LSPR data were estimated using Eqs. ͑2͒, ͑6͒, and ͑7͒, with d i values of 2.2, 7, 5.2, 2, and 5 nm for SH-COOH, PLL-g-PEG, NeutrAvidin, scFv, and cholera toxin, respectively.
FIG. 6. Same type of data as in
versus time obtained using SPR and QCM-D for the same sequence of events.
Due to the overall low mass uptake in these steps compared with the previously formed layers, the steplike behavior upon solution exchange ͑for example, from protein solution to buffer solution͒ observed in the SPR data complicates an analysis of binding kinetics. In contrast, both LSPR and QCM-D display less significant steps upon solution exchange, and due to the slower binding obtained in batch rather than flow mode enables binding kinetics to be evaluated. Note also that a good agreement in saturated mass uptake was obtained from LSPR and SPR, whereas the QCM-D yields a higher mass uptake also in this case. In addition the mass uptake of scFv ͑CT17͒ is approximately a factor of 2 lower than expected for one-to-one binding ratio between CT17 ͑28 kDa͒ and NeutrAvidin ͑65 kDa͒. This is consistent with previous results on coupling of biotinylated IgG to PLL-g-PEG-PLL-g-PEGbiotin-modified surfaces 36 and is attributed to cross-linking, i.e., the ability of the biotin moieties on the flexible PEG chains to efficiently occupy the four biotin-binding sites of NeutrAvidin. 36 Still, the results show that with a proper choice of recognition elements, the LSPR sensing concept is compatible with immunosensing utilizing a sensor template with undetectable nonspecific binding from complex suspensions such as serum. In forthcoming studies this will be utilized in sensor designs exploring the compatibility of LSPR with high miniaturization ͑see Ref. 57͒. 
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